There is a general agreement that isoflavones can be beneficial to health in adults. However, isoflavones are well known as endocrine-disrupting chemicals. It should be considered that soy foods might adversely affect the reproductive system and infants. The aim of this study was to evaluate the effects of genistein, an isoflavone, on dams and their offspring. Maternal rats were fed diets containing genistein at levels of 0 and 0.5 g/kg diet from pregnancy day 5 to postnatal day 13. No effects of genistein on the delivery, anogenital distance, reproductive organ weight, and body weight of the infants at birth were observed. There were no consistent effects on suckling pups after continuous genistein exposure during their fetal and suckling stages through their mothers, and there was no difference in effects according to the periods of exposure during pregnancy and lactation. We also observed no significant effect on the growth of offspring after weaning. Moreover, while we observed that the serum concentration of triiodothyronine (T 3 ) in dams decreased, the result was a tendency, not a significant decrease. Our study suggested that maternal ingestion of genistein might have not induced serious adverse effects on dams, fetuses, infants or offspring during growth. However, the results indicated in many papers suggest the necessity of further study on the safety of genistein.
There is general agreement that isoflavones can be beneficial to health in adults as phytoestrogens. Recently, interest in soy ingredients called isoflavones has increased all over the world ( 1 , 2 ) . Epidemiological studies suggest that Asian women have a low incidence of breast cancer and estrogen-dependent diseases (3) (4) (5) . Soybean products are regularly consumed in many East Asian countries, and the soybean is an abundant source of genistein and daidzein. Japanese ingest 1.5 mg/kg/d of genistein from the typical Japanese diet, whereas Western people ingest less than 0.2 mg/kg/d from their diets ( 6 ) . The naturally occurring isoflavones, genistein and daidzein, possess estrogenic activity because of their structural similarity. Genistein in particular competes with estradiol through binding to the estrogen receptor and acts as either an estrogen agonist or antagonist because of stronger affinity for the ␤ -receptor than for the ␣ -receptor ( 7 , 8 ) . Interest has been generated in isoflavones and their potential use in hormone replacement therapy and osteoporosis prevention ( 9 , 10 ) . Furthermore, it is suggested that genistein might prevent some chronic diseases through other mechanisms, including the inhibition of enzymes (aro-matase, tyrosine kinase and DNA topoisomerase), increased synthesis of sex hormone-binding globulin, and antioxidation (11) (12) (13) .
However, there is also concern about isoflavones as endocrine-disrupting chemicals because of their estrogenic activity. Santell et al. reported that phytoestrogens such as genistein produced hypertrophy of the uterus and adverse effects on the reproductive functions in many species ( 14 ) . Dietary substances that alter hormone levels might affect both the mother and fetus during pregnancy, a hormone-sensitive-period. In contrast, administration of estrogen to pregnant animals has been found to cause detrimental effects on pregnancy. These include decreased weight gain and food intake of pregnant rats, which results in increased fetus resorption or abortion, leading to decreases in the number of live pups, litter size and birth weight ( 15 ) . Lactation is also a hormone-sensitive and important period in the development of the reproductive capacity of the offspring. Soy products are used as infant formulas in humans. In rats, isoflavones were detected in the milk of dams exposed to isoflavone ( 16 ) . When infants were given formulas containing soy or milk of dams ingesting the soybean, the effect on their later reproductive functions during puberty should be considered. When early E-mail: tousen@seitoku.ac.jp infant rats were orally exposed to genistein, the number of females showing estrous cycle irregularities was increased and the fertility in females was disrupted, but not in males. Furthermore, the body weights of the rats were significantly lowered from pubertal to postgrowth ( 17 ) . Although many papers reported the effects on the infants of exposure to isoflavone in different doses and by different routs (breast milk, oral administration and subcutaneous injection), the results were inconsistent among the papers.
Alternatively, soybean and its products have been also observed to be goitrogenic in humans and animals. It has been reported that soybean feedings in early life have also been associated with the development of autoimmune thyroid disorders ( 18 ) . However, the reports that observed the effects of isoflavones on the thyroid gland of the dams and their infants are few.
In this experiment, we have chosen the dose level of genistein on the basis of the research previously reported. You et al. reported that the body weight and reproductive function of offspring were suppressed by exposure to genistein through the ingestion of diets at 300 and 800 mg/kg by pregnant dams ( 19 ) . However, the exposure of the offspring to genistein had been maintained after weaning in this experiment.
The objective of the present study was to confirm the safety of genistein, an isoflavone, in the dams, fetus, suckling pups and offspring. Therefore, the effect of genistein exposure on the mother in the pregnancy and lactation periods was determined. Experiments to evaluate the following were performed.
1) The effects of genistein feeding at a level 0.5 g/kg on pregnancy and the outcome of pregnancy in rat dams.
2) Whether early infant exposure to genistein has any effects on the development before weaning.
3) The long-term reproductive effects and health implications of genistein exposure on offspring during a hormone-dependent development period.
MATERIALS AND METHODS
Animals. Female Sprague-Dawley (SD) rats at day 5 of gestation were purchased from CLEA Japan, Inc. (Tokyo, Japan). Animals were housed individually in clear plastic cages with a wire-mesh cover and paper chip (ALPHA-DriTM, Shepherd Specialty Papers, Inc., Michigan) bedding. Then weaned offspring were housed individually in stainless-steel cages. Rats were maintained in conditions with a room-controlled temperature (23 Ϯ 1˚C) and humidity (50 Ϯ 5%), and a 12 h light : dark cycle. The rats were weighed and randomly allocated to experimental groups. The rats had free access to distilled water, and the food intake of rats was adjusted to the mean food intake of the control group. All rats were maintained according to the guidelines of Law No. 105 and Notification No. 6 of the Japanese government.
Diet and chemicals. Pregnant rats were fed diet mixtures containing genistein at dose levels of 0 and 0.5 g/ kg. These diets were prepared in our facilities based on the modified AIN-93G diet, except for the replacement of soy oil with corn oil ( 20 ) . The composition of the diet is shown in Table 1 . All ingredients were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). The purified genistein used in the experiment (Fujicco Co., Ltd., Kobe, Japan) was 94.85% as assessed by comparing it to genistein standards using the HPLC analytical method ( 21 ) .
Experimental design. Experiment 1: Experiment 1 was performed to clarify the effect of genistein exposure on dams during pregnancy and/or lactation. Pregnant rats ( n ϭ 16) of random body weight were divided into four groups of 4 rats each: the group fed the control diet, the group exposed to genistein (0.5 g genistein/kg diet) during both pregnancy and lactation (PL-G), the group exposed to genistein only during pregnancy (P-G), and the group exposed to genistein only during lactation (L-G). After the dams were fed the respective diet in all groups until postnatal day (PND) 13, the genistein diet was changed to the control diet. The progression of pregnancy was observed by measuring daily maternal weight gain and food intake throughout pregnancy. The day of birth was designated as PND 1. On PND 1, number of pups was adjusted to 12 for each dam, and litters were culled to 6 males and 6 females per litter. Pregnancy outcomes were measured in terms of litter size, birth weight and sex ratio. During the lactation period, the weight gain and food intake of pups and dams were measured daily (by litter). Pups on PND 5, 15, and 22 (2 females and 2 males per litter) and dams on PND 22, at weaning, were anesthetized by exposure to diethyl ether. After laparotomy, whole blood was collected by cardiac puncture, and organs were dissected, weighed and stored at Ϫ 40˚C. Experiment 2: Experiment 2 was performed to clarify the effects of genistein exposure of pregnant and nursing dams on their offspring in the growing period. Pregnant rats ( n ϭ 12) were assigned to two groups of 6 rats each. There were a control diet group and a group of rats exposed to genistein (0.5 g genistein/kg diet) dur- ing pregnancy and lactation (PL-G). Treatment until weaning was done as in experiment 1. The dams were fed the genistein diet from the pregnancy until PND 13 before the weaning of the pups. At PND 13 the diet was changed from the genistein diet to the control diet so that pups would be exposed to genistein only through the placenta and the milk from the dams. Upon being weaned (PND 22), offspring were housed individually. From PND 22 to PND 75, offspring were weighed weekly. Offspring on PND 5, 15, 22, 49 and 75 (2 females and 2 males per litter) and dams on PND 22 were sacrificed as in experiment 1.
Pup development. Hormonal imbalance in male or female pups due to diet treatment was determined by comparing their measurements of the anogenital distance (AGD) with those of rats receiving the control diet. AGD, the length of the perineum from the base of the genital tubercle to the proximal edge of the anus under the natural extension without stretching, was measured at PND 5, 15 and 22.
Thyroid hormone concentration in the serum of the dam. The measurement of serum thyroid hormones, T 3 (triiodothyronine) and T 4 (thyroxine) of dams was done by a testing center (SRL Co., Ltd., Japan).
Statistical analyses. Differences were considered to be significant at p Ͻ 0.05. Data were expressed as the means and SD. In experiment 1, one-way ANOVA was used to determine the differences due to the diet treatment. When ANOVA indicated statistical significance, Duncan's multiple-range test was used to determine which means were significantly different. In experiment 2, regression analysis was used to examine the relationship between the litter weight and litter size, and AGD and pup weight, respectively. If both intercepts of regression lines were estimated as zero, the litter weight/litter size and AGD/pup weight were calculated and comparisons between the study groups were made by one-way ANOVA. When the intercept was not zero, the mean slopes were compared by analysis of covari-ance with litter size and pup weight as a covariate respectively. In experiment 2, time-dependent changes in the individual body weight of male and female offspring were analyzed by repeated measures analysis of variance adjusted with degrees of freedom, following Huynh and Feldt (1976) . Significance was assigned at p Ͻ 0.05. All statistical tests were performed using a PCbased version of the Statistical Program for the Social Sciences (SPSS) Version 11.0.
RESULTS

Experiment 1
Pregnancy outcomes. Compared with the control, ingestion of genistein in the diet throughout pregnancy produced no significant differences in pregnancy outcomes such as litter size, live birth index, or ratio of female vs. male pups ( Table 2 ). The body weights of dams were not affected by exposure to genistein and remarkable effects on pregnancy and delivery from exposure to genistein in dams were not observed.
Body weight and organ weight of pups. Body weights of the male and female pups were not altered by exposure to genistein during the periods of pregnancy and/ or lactation when compared with the results from the control group (Table 3 ). The liver weight of P-G and L-G, kidney weights of PL-G and L-G and spleen weight of P-G were obviously decreased on PND 5 in males, compared with the respective results from the control group. In females, the kidney weight of L-G was decreased with significance compared to that of the control group on PND 5 as illustrated in Table 3 . On PND 15, the liver weight of P-G was significantly increased in males (Table 4 ). On PND 22 (Table 5 ), the kidney weight of L-G was significantly decreased in males. In females, the liver weights of PL-G and P-G, and the spleen weight of P-G were obviously decreased compared with that in the control group. However, no consistent influence was apparent in any pup during the administration period from PND 1 through 13 Table 2 . Body weights of dams fed the control diet or the diet containing 0.5 g genistein/kg during pregnancy and/or lactation, and the number and sex ratio of pups in experiment 1. 1 2 The group fed the control diet (C), the group exposed to genistein (0.5 g genistein/kg diet) during both pregnancy and lactation (PL-G), the group exposed to genistein only during pregnancy (P-G), and the group exposed to genistein only during lactation (L-G). 3 Male pups/total number of pups.
( Tables 3, 4 and 5) . Anogenital distance of pups. For the males on PND 15 and PND 22 in the genistein groups of PL-G, P-G and L-G, the tendency that AGD was getting longer was observed in comparison with the control (Tables 4 and  5 ). There were no consistent effects in reproduction parameters from genistein treatment in the pups (Tables 3, 4 and 5) . Table 3 . Body and organ weights and the anogenital distance of suckling pups of dams fed the control diet or the diet containing 0.5 g genistein/kg during pregnancy and/or lactation in experiment 1 on PND 1 Table 4 . Body and organ weights and the anogenital distance of suckling pups of dams fed the control diet or the diet containing 0.5 g genistein/kg during pregnancy and/or lactation in experiment 1 on PND 1 Thyroid hormone concentration in the serum of the dams. Genistein exposure altered circulating thyroid hormone T3 and T4 concentrations as shown in Table 6 . In the groups of P-G, L-G and PL-G, which differed in periods of genistein treatment, the tendency of decreased T3 serum concentrations was observed compared with the control group. The genistein groups of PL-G and L-G showed the tendency of decreased T4 serum concentration in dams. It is suggested that genistein exposure during the periods of pregnancy and lactation might influence thyroid hormone concentrations.
Experiment 2
Body weights of offspring. In male and female rats, body weights in the group exposed to genistein during pregnancy and lactation (PL-G) were not markedly different after weaning (Fig. 1) .
Reproductive organ weights of offspring. The weights of the uterus and ovaries in the female offspring during development were not altered by genistein exposure for the dams as shown in Table 7 . The weights of the testes and epididymis in the male offspring during their growing period were not different between the PL-G and control groups, either.
DISCUSSION
In the present study we attempted to determine whether the ingestion of genistein by the dams gave the suckling pups adverse effects. The first objective of the study was to identify the effects of a genistein 0.5 g/kg diet on the dam's pregnancy and pregnancy outcomes. Pregnancy and lactation are known to be more hormone-sensitive periods for pups than for the pregnant dams because of the ongoing active sexual differentia- Table 5 . Body and organ weights and the anogenital distance of suckling pups of dams fed the control diet or the diet containing 0.5 g genistein/kg during pregnancy and/or lactation in experiment 1 on PND 1 tion of the pups' reproductive tract. We found no marked alterations in the number of pups produced, ratio of male to female pups, their body weights or AGD by the genistein exposure of the dams ( (24) . In the present experiment, genistein doses calculated from the food intake were 10.1 mg/d during the pregnancy period and 18.5 mg/d during 12 d of lactation. There was a difference between administration methods by Fig. 1 . Changes in the body weights of offspring of dams fed the control diet or diet containing genistein at 0.5 g/kg in experiment 2. A: The lactation period from day 1 to day 22 after birth. B: The period after weaning. 1 Dams of the control diet group were not exposed to genistein and dams of genistein group were exposed to a genistein diet during pregnancy and lactation. In both the male and female, there were no significant effects on the body weights after weaning. The second objective of the present study was to evaluate whether early infant exposure to genistein has any effects on the development of pups before weaning. There were no consistent effects on the pups from continuous genistein exposure during pregnancy and lactation and no influence from differences in the period of exposure. AGD as a marker of sexual dimorphism has allowed us to distinguish between the effects of exposure during pregnancy and those during lactation. In our experiment, AGD was not affected by the difference in the genistein exposure during gestation and lactation (Tables 3, 4 
and 5).
Lewis et al. reported that when the dams were exposed to genistein during lactation at a level of 50 mg/kg diet, the concentration in dams' milk was low, approximately 0.04% of total dose after 8 h (25) . On the other hand, Fritz et al. reported that in the case of the rat dams fed 250 mg genistein/kg diet, genistein was detected at high concentrations in the milk of dams and in the stomach contents of suckling pups at PND 7 (137Ϯ34 pmol/mL and 4,439Ϯ1,109 pmol/mL), respectively (16) . Although the secreted rates of genistein to dams' milk were different among the studies, the proportion of aglycone was high in the each study (16, 25) . Although in the present experiment, the concentrations of genistein in the serum of nursing dams and dams' milk were not measured, it was confirmed from the previous reports (16, 25) that genistein had transfered from the dams to suckling pups, and that the proportion of aglycone was high.
The third objective of the present study was to identify the long-term reproductive effects and health implications of genistein exposure to offspring during a hormone-dependent period. In experiment 2, we observed the effects of early genistein exposure through dams on the offspring in the stage of development. There was no difference in the body weight for the growth period. This evidence suggested that genistein exposure before weaning might not remarkably influence the body weight of offspring for the post-weaning period. It has been shown that dietary genistein (8 mg/kg body weight/d) did not affect the body weight of dams or offspring during lactation (23) . On the contrary, Flynn et al. reported that when pregnant rats started to be fed 1,250 mg genistein/kg diet at gestational day (GD) 7 and the offspring continued on these diets until PND 77, genistein resulted in decreased maternal food intake and weight gain, and in obviously decreased offspring birth weight and body weight gain from PND 42 to 77 (24) . In the same way, Delclos et al. reported that continuous dietary exposure of pregnant rat dams and their offspring to 1,250 mg genistein/kg diet from GD 7 to PND 50 resulted in significantly decreased body weights and food intake of dams and offspring (26) . As the genistein concentrations in the diet were high in these studies, and the genistein exposure was maintained for the offspring after the weaning, the effect of genistein after weaning is considered to have appeared.
Genistein is well known as an endocrine-disrupting chemical, and it might have adverse effects on the reproductive system (17, 24, 26) . In experiment 2, we evaluated the hormonal effects of genistein on the reproductive organs in the offspring maternally exposed to genistein during pregnancy and lactation (Table 7) . Thereby, the reproductive organ weight of offspring was not affected by the genistein exposure to dams in this experiment. However, Ryokkynen et al. reported that dietary genistein resulted in greater relative prostate and seminal vesicle weights of male pups at PND 21 (23) . Although the dose level (8 mg/kg body weight/d) used in their experiment was lower compared with that in our experiment, their result showed the weak adverse effect of genistein on the mouse pups. On the other hand, Delclos et al. reported that dietary exposure of dams during pregnancy and lactation, and the direct genistein exposure of the offspring after weaning were observed to cause the growth suppression, and aberrant or delayed spermatogenesis in male. The results showed that genistein might produce some influences in estrogen-sensitive tissues (26) . As we determined only the reproductive organ weight of the offspring to confirm the effects, we should observe the other parameters concerning the long-term effects.
In experiment 2, dietary genistein decreased concentrations of circulating thyroid hormones, T3 and T4, but not significantly (Table 6 ). Ryokkynen et al. reported that genistein exposure increased the plasma T3 levels in female pups at PND 21, but no had effects on dams (23) . In this experiment, we did not determine the plasma thyroid hormone levels in pups. These results suggest that we need to consider the effects of genistein on the thyroid hormones of dams and pups during the growth period. On the other hand, Chang and Doerge reported that in rats exposed to genistein (500 mg/kg diet), the activities of thyroid peroxidase (TPO) were reduced in a dose-dependent manner, but there were no effects on thyroid hormone levels (T3, T4, and TSH) in serum (27) . Suicide inactivation of rat and human TPO was also observed in vitro at concentrations of genistein detected in rat thyroids (27, 28) . Thus, these results suggested that even though substantial TPO activity was decreased concomitantly with soy isoflavone consumption, the remaining activity was sufficient to maintain thyroid hormone homeostasis.
In the meantime, the average isoflavone intake and genistein intake by Japanese were reported to be 18-54 mg/d (29, 30) and 15-23 mg/d (31, 32) . Genistein exposure level in this experiment was almost equal to genistein intake by Japanese from their meals. As there is a difference in the metabolism of genistein between human and rats, the comparison of the intakes based on the body weight might not necessarily be appropriate. However, comparing with the intakes per body weight, the rat dams were administered genistein at 200 times the usual level of ingestion by Japanese. It would be impossible to consume such a large amount of phytoestrogen from ordinary foods. However, there should be concern about the undesirable effects of isoflavones in unregulated supplementation regimen. There might especially be problems in the transfers to a fetus through the placenta and to an infant through mother's milk.
The exposure to genistein from the diet during pregnancy and lactation did not appear to induce serious influences on the offspring from birth to the post-weaning period. Our experiment suggested that maternal consumption of isoflavones does not have serious adverse effects on dams, fetuses, infants, suckling pups or offspring, but excess feeding might have some effect on the post-growth period. However, the results indicated in many papers suggest the necessity of further study on the safety of genistein.
